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(57) ABSTRACT 

A system and methods are provided for imaging an object, 
based on activating an array of discrete X-ray sources in a 
prescribed temporal pattern so as to illuminate the object With 
a beam varying in spatial orientation, and detecting X-rays of 
the beam after interaction With the object and generating a 
detector signal. An image of the object may then be con 
structed on the basis of the time variation of the detector 
signal. The discrete X-ray sources may be moved during the 
course of inspection, moreover, the prescribed temporal pat 
tern may constitute a Hadamard code. The discrete sources 
may be carbon nanotube X-ray sources. 

13 Claims, 7 Drawing Sheets 
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X-RAY IMAGING OF BAGGAGE AND 
PERSONNEL USING ARRAYS OF DISCRETE 
SOURCES AND MULTIPLE COLLIMATED 

BEAMS 

The present application claims priority on the basis of US. 
Provisional Patent Application Ser. No. 60/794,295, entitled 
“X-ray Imaging using Arrays of Discrete to Sources,” ?led on 
Apr. 21, 2006, incorporated herein by reference. 

TECHNICAL FIELD 

The present invention relates to methods and systems for 
inspecting objects, including personnel but not limited 
thereto, by means of penetrating radiation, and more particu 
larly, to inspection of personnel using multiple x-ray sources 
that may be individually activated. 

BACKGROUND OF THE INVENTION 

Conventional X-ray sources typically use a thermionic 
emission mechanism to produce electrons that impinge on a 
metallic target from Which x-rays are emitted through 
bremsstrahlung processes. Thermionic emission entails the 
emission of electrons by heated ?laments. Thermal inertia 
limits the time resolution of thermionic systems to microsec 
onds, While spatial resolution of the electron emitter is gov 
erned by the dimension of the ?lament. 

X-ray sources may also be based on ?eld-emission cath 
odes, offering advantages in both spatial and temporal reso 
lution When compared With thermionic sources. Because ?eld 
emission of electrons is produced by a high electric ?eld, no 
heating is necessary, Whence such electron emitters are com 
monly referred to as cold cathodes. The electron beams emit 
ted by such devices may have loW divergence and thus pro 
vide ease of focusing. Moreover, the virtually instantaneous 
response of the source offers time gating capabilities compa 
rable With the time resolution of the control circuit, and may 
be as fast as nanoseconds, using current technology. 

Zhang et al., A Multi-beam X-ray Imaging System Based on 
Carbon Nanotube Field Emitters, in Medical Imaging 2006, 
(Proceedings of SPIE, Vol. 6142, Mar. 2, 2006), reported the 
fabrication, by Xintek, Inc. of Research Triangle Park, NC, 
of a linear array of 5 X-ray sources, each With a focal spot 
betWeen 200 and 300 um, based on the use of carbon nano 
tube (CNT) electrodes. Electron currents in the range of 0. 1 -1 
mA Were reported at an accelerating voltage of 40-60 kVp. 
The lifetime of the cold cathode Was estimated to exceed 2000 
hours. For an accelerating voltage of 200 kV, a beam current 
of 13 mA has been measured. The aforesaid Zhang et al. paper 
is incorporated herein by reference. Devices With 1000 pixels 
per meter and pulse repetition rates on 10 MHZ can be envi 
sioned With technology Within the current state of the art. 
The use of CNT cold cathodes in the context of an X-ray 

source is also described by Cheng et al., Dynamic radiogra 
phy using a carbon-nanotube-based ?eld-emission X-ray 
source, 75 Rev. Sci. Instruments, p. 3264 (2004), While the use 
of CNT cold cathode source arrays in a scanning context is 
described by Zhang et al., Stationary scanning x-ray source 
based on carbon nanotube?eld emitters, 86Appl. Phys. Lett., 
p. 184104 (2005), both of Which articles are incorporated 
herein by reference. 

Moreover, the use of CNT cold cathode source arrays in 
tomography is discussed by Zhang et al., A nanotube-based 
field emission x-ray source for microcomputed tomography, 
76 Rev. Sci. Instruments, p. 94301 (2005), Which is also 
incorporated herein by reference. 
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The footprint and throughput of personnel inspection 

equipment at airports have become increasingly important 
considerations as security checkpoints become more con 
gested. Typically the critical dimension is that Which is per 
pendicular to the How of traf?c, and currently deployed metal 
detectors are used as a standard of comparison. At US air 
ports, the desired throughput is consistent With support of tWo 
adjacent baggage systems. This translates to a throughput of 
approximately 400 people per hour. 

While backscatter x-ray scanning of personnel is often 
considered the most effective method for detection of con 
cealed contraband goods or potential threats, current imple 
mentations of this technology may provide inadequate 
throughput for certain applications, and, moreover, may fail 
to meet siZe constraints imposed by certain venues such as 
airports. The present invention advantageously provides a 
solution to these shortcomings. 

Current solutions that attempt to improve throughput over 
single- sided backscatter screening rely on several single point 
focus x-ray sources. Because the x-ray beam of these sources 
is collimated into a fan beam shaped line of x-rays, the angle 
of incidence on the person being screened can cause distor 
tion in the image data. Even though the distortion can be 
compensated for in software, the data still derive from x-rays 
that vary in incident angle. At steep angles this can result in 
x-ray incident shadoWs (from body parts such as shoulders) 
and thus, in turn, cause concealed contraband to be missed. If 
several conventional x-ray sources are used to mitigate this 
effect, the equipment siZe becomes large and the equipment 
cost becomes unattractive. 

SUMMARY OF THE INVENTION 

In accordance With preferred embodiments of the present 
invention, a method is provided for imaging an object. The 
method entails: 

a. activating an array of discrete X-ray sources in a pre 
scribed temporal pattern so as to illuminate the object 
With a beam varying in spatial orientation; 

b. detecting X-rays of the beam after interaction With the 
object and generating a detector signal; and 

c. constructing an image of the object based on the time 
variation of the detector signal. 

Other embodiments of the invention may also include 
moving the array of discrete X-ray sources, either by rotation 
or by translation, or both. Characterizing the array of discrete 
X-ray sources by an array axis, the step of translating the array 
may include translating the array in a direction substantially 
transverse to the array axis, or rotating the array, about an axis 
substantially parallel to the array axis. 
The prescribed temporal pattern of the invention, in certain 

embodiments, may constitute a Hadamard code. Moreover, 
the step of detecting X-rays after interaction With the object 
may include detecting N-rays scattered by the object, and the 
step of activating discrete X-ray sources may include activat 
ing ?eld emission sources, and, more particularly, activating 
a plurality of ?eld emission sources, each ?eld emission 
source including a re?ective target or a transmission target. 

In accordance With further embodiments of the invention, 
an inspection system is provided for inspecting an object. The 
inspection system has a plurality of linear arrays of discrete 
sources of penetrating radiation, at least one scatter detector 
con?gured to generate a scatter signal based upon detection 
of penetrating radiation scattered by the inspected object, and 
a processor for receiving the scatter signal and generating an 
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image of the object. The discrete sources of penetrating radia 
tion, more particularly, may be carbon nanotube x-ray 
sources. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing features of the invention Will be more 
readily understood by reference to the following detailed 
description taken With the accompanying draWings: 

FIG. 1 is a schematic depiction of a prior art X-ray source 
based on electron ?eld emission; 

FIG. 2 shoWs the use of a single-dimensional array of 
discrete sources in a backscatter imaging application, in 
accordance With a preferred embodiment of the present 
invention; 

FIG. 3 shoWs the use of a tWo-dimensional array of discrete 
sources in a backscatter imaging application, in accordance 
With a preferred embodiment of the present invention; 

FIG. 4 shoWs the use of a single-dimensional array of 
discrete sources and a ?xed set of backscatter detectors in a 
backscatter imaging application, in accordance With a pre 
ferred embodiment of the present invention; 

FIG. 5 shoWs an image generation apparatus in Which 
multiple one-dimensional source arrays are mounted on a 
single cylinder, in accordance With an embodiment of the 
present invention; 

FIG. 6A shoWs a front vieW of an embodiment of the 
present invention in Which x-rays are emitted from above; 

FIG. 6B shoWs a schematic side vieW of an embodiment of 
the present invention, depicting a person at successive posi 
tions traversing a plurality of x-ray beams emitted from 
above; 

FIG. 7A shoWs a front vieW of an embodiment of the 
present invention in Which x-rays are emitted from opposing 
sides; and 

FIG. 7B shoWs a schematic side vieW of an embodiment of 
the present invention, depicting a person at successive posi 
tions traversing a plurality of x-ray beams emitted from 
above. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Cold cathode technology, such as that based on carbon 
nanotubes (CNTs), opens up the possibility of neW modalities 
for imaging using X-rays, Whether by transmission, backscat 
ter, or forWard scatter of the X-rays. Applied in the manner 
described beloW in accordance, With the present invention, 
discrete cold cathode sources may advantageously provide 
for electronically turning on the sources, and With loW latency 
(on the nanosecond scale), in a sequential manner, thereby 
forming pencil beams, as often practiced in the X-ray imaging 
arts, or, alternatively, selecting a pattern of sources at a given 
time to form coded beams. The development of CNTs has 
alloWed important technical challenges related to current sta 
bility and cathode life time to be overcome. 

The general operation of a cold cathode X-ray source, 
designated generally, in FIG. 1, by numeral 10, is Well under 
stood in the art and is described With reference to FIG. 1. The 
cold cathode arrangement advantageously alloWs for a high 
degree of control. Voltage Vgc betWeen gate 12 and cathode 
14, governed by control circuit 13, controls the current of 
electrons 15, While voltage Vca betWeen cathode 14 and anode 
16, Which also serves as the X-ray target, controls the electron 
energy impinging on the target 16, and the voltage applied on 
the focusing electrode 18 determines the electron beam spot 
size. 
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4 
While FIG. 1 depicts an assembly in Which the X-rays are 

generated via a re?ection target 19, a transmission target may 
also be employed Within the scope of the present invention. 

Application of discrete X-ray sources for X-ray imaging, in 
accordance With the present invention, varies With the dimen 
sionality of the X-ray source array (one-, tWo-, or three 
dimensional), the scanning mode (raster or pattern), the 
dynamic use of different or varying energies, and the use of 
time gating. 
The time resolution capabilities can be of particularly 

advantage in long-range applications in Which air scatter 
strongly affects the signal to noise ratio (SNR). 
A ?rst embodiment of the invention is described With ref 

erence to FIG. 2. A one-dimensional array 20 of X-ray 
sources 22 is disposed With backscatter detectors 23 on one or 
more sides of its longitudinal (typically vertical) axis 21. The 
entire device 24 can translate in a transverse direction 25, 
typically horizontally, so as to create an image on a line-by 
line basis. Alternatively, array 20 may rotate about longitudi 
nal (typically vertical) axis 21 such that X-ray beam 26 
sWeeps in a transverse direction (again, typically horizon 
tally), thereby creating a line-by-line image, but Without the 
entire device moving. Such system is suitable for a bomb 
detection application, for example, Wherein an X-ray image 
must be created in short time and Without moving the entire 
imaging system, Which may be disposed, for example, Within 
a van. An image line is created by raster scanning the sources 
vertically by turning on one source 22 at a time in rapid 
succession. 

In accordance With another embodiment of the present 
invention, coded beams are employed, based on Hadamard 
or otherWise coded beams. A discussion of beam coding is to 
be found, for example, in Chou, Fourier coded-aperture 
imaging in nuclear medicine, in IEE Proc. Sci. Meas. Tech 
nol., vol. 141, pp. 179-84 (1994), MertZ et al., Rotational 
aperture synthesisforx rays, in]. Opt. Soc. Am. A, vol. 3, pp. 
2167-70 (1986), and in Gindi et al. Imaging with rotating slit 
apertures and rotating collimators, in Med. Phys., vol. 9, pp. 
324-39 (1982), all of Which are incorporated herein by refer 
ence. 

Field emission X-ray sources may be readily sWitched on 
and off electronically at signi?cant rates, typically as rapidly 
as 30 kHZ. This means that coded beams can be sWitched 

(changed from one pattern to another), cycled (the equivalent 
of rotation), or negated (sWitched from mask to antimask to 
reduce artifacts for close range imaging). The Hadamard 
coded or patterned beams may be used to particular advantage 
When the X-ray ?ux is an issue. 

Referring noW to FIG. 3, a tWo-dimensional source array 
30 may have no mechanically moving pants and alloW cov 
erage of a prede?ned solid angle (determined by the total 
number of sources 32 and their divergence) in a very short 
time. It can use a raster scan mechanism similar to a CRT or 

pattern beams (Hadamard or other coding mechanism). 
In accordance With further embodiments of the present 

invention, a system With controlled velocity, designated gen 
erally by numeral 40, is described With reference to FIG. 4. 
One or more backscatter detectors 42 are ?xed, but the source 
array 44 is translated With a constant speed back and forth in 
direction 45 adjacent to, or betWeen, detectors 42. Such sys 
tem may also be employed in an interlaced mode, described 
beloW. Embodiment of FIG. 4 may be employed to overcome 
a disadvantage of the embodiment of FIG. 2 namely a pro 
pensity to image distortions due to variations in the system 
velocity. Depending on the velocity of array 20, the objects 
may appear compressed or elongated. 
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Further versatility may be achieved using an embodiment 
such as that shown in FIG. 5 Where tWo or more one-dimen 
sional X-ray source arrays 51, 52, are mounted on a cylinder 
54. Because the arrays can be turned on and off electronically 
With high speed, only the array generating an X-ray beam 55 
that is illuminating a target (not shoWn) is turned on, and the 
other arrays are off, hence there is no need to shield one array 
from another. The versatility of this model resides in its natu 
ral ability to incorporate the interlaced mode, as noW 
described, and to continuously accumulate an image. 

Interlacing can be useful in cases Where, due to technical 
limitations or by design, the minimum distance betWeen tWo 
sources is 1 cm, but the required resolution for a speci?c 
applications demands sources placed 4 mm apart. On a cyl 
inder, three one-dimensional arrays are placed at 120 degrees 
one from another and shifted vertically by 3.33 mm. Each 
array Will scan lines 1 cm apart, but because of the vertical 
shift, the resulting image for a complete rotation of the cyl 
inder Will have a resolution of 3.33 mm. This mode of opera 
tion is referred to as “interlaced mode.” For the system 
depicted in FIG. 4, interlaced imaging may be provided via 
vertical translation of the array for each horizontal pass. 
A translated array in accordance With embodiments 

depicted in FIGS. 2 and 4 constructs an image in one pass, line 
by line, delivering the same X-ray dose per unit area of the 
target, in a ?xed time (depending on the translation speed). 
The rotating cylinder 54 of FIG. 5 can create a loW statistics 
image for each pass of a one-dimensional array, adding it to 
the global image. This concept may be referred to as a “con 
tinuously-accumulated image” (CAI). The CAI concept is 
useful When a limited dose to target is required or the ?ux per 
pass in insuf?cient. A operator stops the scan When the details 
in the target image are satisfactory. One application in Which 
CAI is useful is in imaging a piece of luggage suspected to 
contain an improvised explosive device (IED) With an X-ray 
activated trigger. In this mode of operation, the initial current 
per pixel is loW. The image is formed in multiple passes, to 
avoid a trigger, but enough to see meaningful details inside. 
At the expense of the scan time, the cylindrical system can 

compensate for lost sources in one array, if a simple raster 
scan is used. 

Finally, discrete X-ray sources, as described in the forego 
ing, may advantageously be employed for X-ray ?uorescence 
mapping or spectral imaging to create an almost instanta 
neous material identi?cation of a surface. Such applications 
requires detectors With proper energy resolution to identify 
the ?uorescence lines. 

In accordance With further embodiments of the present 
invention, carbon nanotube x-ray sources con?gured in a 
linear or tWo-dimensional array are triggered sequentially as 
described above. Other discrete x-ray sources that currently 
exist or that may be developed in the future may also be 
employed in a substantially similarmanner, and are Within the 
scope of the present invention as described herein and as 
claimed in any appended claims. 

The use of x-ray source arrays of this type for this appli 
cation may be particularly advantageous for the folloWing 
reasons: 

The x-ray source can be very compact, especially in the 
dimension along the line of x-ray emission. 

Use of a linear array of x-ray beams advantageously 
reduces image distortion associated With single point 
sources. 

This approach to generating x-rays provides ?exibility in 
image acquisition, geometry and footprint that is far 
superior to current single point x-ray source-based sys 
tems. 
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6 
By using sequential triggering of the linear array of x-ray 

sources, a backscatter image can be acquired Without 
cross-talk betWeen sources. 

This invention, When applied in a con?guration that simul 
taneously captures tWo or more vieWs of the person 
being scanned, advantageously enhances the throughput 
of inspected subjects. 

Another embodiment of the invention is noW described 
With reference to FIG. 6A. Sets of carbon nanotube x-ray 
sources 110 con?gured as linear arrays 111, or as a tWo 

dimensional array, are placed above (as shoWn) or at the sides 
of, a person 112 being scanned. It is to be understood that a 
person is shoWn as a representative object of inspection, but 
that the apparatus and methods taught herein are of valuable 
applicability to any object, Whether animate or inanimate. 

Scatter detectors 114, Which may be backscatter or sides 
catter detectors, for example, are positioned to capture scat 
tered x-rays. The person being scanned Walks through the 
x-ray beams 116 or is transported through by means such as a 
conveyor 118 or people mover. A hand-hold 119 may also be 
provided. Separate sources 110 may be activated sequentially 
to provide spatial resolution in accordance With knoWn algo 
rithms. 

FIG. 6B depicts subject 12 in successive positions travers 
ing a inspection station that is designated generally by 
numeral 100. Inspection station 100 has a front source 160 
and a back source 162, each of Which may contain linear 
arrays, such as source 111 depicted in FIG. 6A, each of Which 
is comprised of multiple discrete x-ray sources disposed 
along an axis transverse to the page. Subject 112 either Walks, 
or is conveyed by conveyor 118, in such a manner as to have 
different parts of his/her person scanned by respective 
sources 160 and 162 during the course of traversing the 
inspection station. 

Yet a further embodiment of the present invention is shoWn 
in FIGS. 7A and 7B, in a con?guration approaching that of 
metal detectors in current use. As shoWn in the top vieW of 
FIG. 7B, x-ray source arrays 210 emit x-rays 212, vieWed 
most clearly in the front vieW of FIG. 2A. X-rays 212 impinge 
upon subject 112 as he/ she traverses the inspection station, 
designated generally by numeral 200. Radiation scattered by 
subject 112 or by objects carried or Worn on the subject’s 
person is detected by scatter detectors 220. Scatter detectors 
220 generate scatter signals on the basis of the penetrating 
radiation they detect, and the scatter signals are processed by 
processor 230 to detect and identify threat materials and 
objects in accordance With knoWn algorithms, or, otherWise, 
to display a suitably processed image of the inspected subject 
at display monitor 240. In either case, an image is generated, 
With the term “image,” as used herein and in any appended 
claims, signifying an ordered array of values corresponding 
to spatially distinct elements of the inspected object. Since the 
geometry minimiZes distortion and shadoWing of the image 
data, automated detection techniques that rely on shape rec 
ognition greatly bene?t from the reduced image distortion 
and shadoWing. These advantages may also be applied to 
conventional transmission and backscatter baggage systems. 

All of the heretofore described embodiments of the inven 
tion are intended to be merely exemplary and numerous varia 
tions and modi?cations Will be apparent to those skilled in the 
art. All such variations and modi?cations are intended to be 
Within the scope of the present invention as de?ned in any 
appended claims. 
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What is claimed is: 
1. A method for imaging an object, the method comprising: 
a. activating an array of discrete X-ray sources in a pre 

scribed temporal pattern so as to illuminate the object 
With a beam varying in spatial orientation; 

b. detecting With a detector X-rays of the beam scattered 
after interaction With the object and generating a detec 
tor signal; and 

c. constructing an image of the object based on the time 
variation of the detector signal. 

2. A method in accordance With claim 1, Wherein the step of 
activating further includes moving the array of discrete X-ray 
sources With respect to the detector. 

3. A method in accordance With claim 1, Wherein the step of 
activating further includes rotating the array of discrete X-ray 
sources With respect to the detector about an axis. 

4. A method in accordance With claim 1, Wherein the step of 
activating further includes translating the array of discrete 
X-ray sources With respect to the detector. 

5. A method in accordance With claim 4, Wherein the array 
of discrete X-ray sources is characterized by an array axis, 
and Wherein the step of activating includes translating the 
array in a direction substantially transverse to the array axis. 

6. A method in accordance With claim 1, Wherein the pre 
scribed temporal pattern constitutes a Hadamard code. 

7. A method in accordance With claim 1, Wherein the step of 
activating discrete X-ray sources includes activating ?eld 
emission sources. 

8. A method in accordance With claim 7, Wherein the step of 
activating discrete X-ray sources includes activating a plural 
ity of ?eld emission sources, each ?eld emission source 
including a re?ective target. 
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9. A method in accordance With claim 7, Wherein the step of 

activating discrete X-ray sources includes activating a plural 
ity of ?eld emission sources, each ?eld emission source 
including a transmission target. 

10. An inspection system for inspecting an object, the 
inspection system comprising: 

a. a plurality of linear arrays of discrete sources of pen 

etrating radiation; 
b. at least one scatter detector con?gured to generate a 

scatter signal based upon detection of penetrating radia 
tion scattered by the inspected object; and 

c. a processor for receiving the scatter signal and generat 
ing an image of the object. 

11. An inspection system in accordance With claim 10, 
Wherein the discrete sources of penetrating radiation are car 
bon nanotube x-ray sources. 

12. A method for inspecting an object, the method com 
prising: 

a. illuminating the object With a plurality of linear arrays of 
discrete sources of penetrating radiation; 

b. generating a scatter signal based upon detection of pen 
etrating radiation scattered by the inspected object; and 

c. processing the scatter signal to generate an image of the 
object. 

13. A method in accordance With claim 12, further com 
prising moving the object during a course of illumination by 
the plurality of linear arrays. 


